been identified by molecular cloning techniques.
We determined the effect of a 4-h insulin infusion on the expression of the muscle/adipose tissue glucose transporter mRNA and protein in 14 insulintreated type 1 diabetic patients and 15 matched nondiabetic subjects. mRNA and protein concentrations were determined in muscle biopsies taken before and at the end of the insulin infusion during maintenance of normoglycemia. In response to insulin, muscle GLUT-4 mRNA increased in the nondiabetic subjects from 24 + 3 to 36 + 4 pg/pg RNA (P < 0.001) but remained unchanged in the insulinresistant diabetic patients (24 f 2 us. 26 + 2 pg/bg RNA, before us.
after insulin). The glucose transporter protein concentrations were similar in the basal state and decreased by 21 f 7% (P < 0.02) in the normal subjects but remained unchanged in the diabetic patients. The increase of the GLUT-4 mRNA and the decrease in the GLUT-4 protein correlated with the rate of glucose uptake [correlation coefficient (r) = -0.55, P < 0.01, and r = -0.44, P < 0.05, respectively].
We conclude that the insulin response of both the GLUT-4 glucose transporter mRNA and protein are absent in skeletal muscle of insulinresistant type 1 diabetic patients. Thus, impaired insulin regulation of glucose transporter gene expression can be one of the underlying mechanisms of insulin resistance in type 1 diabetes. (J Clin Endocrinol Metab 75: 795-799, 1992) T HE MAJORITY of type 1 diabetic patients treated with conventional insulin injection regimens are insulin resistant (1). This resistance to insulin is characterized by a decrease in the ability of body tissues, especially skeletal muscle, to use glucose through both oxidative and glycogen synthetic pathways (2). At the cellular level, glucose transport has recently been shown to be the rate-limiting step for glucose metabolism in these patients (2). Thus, the abnormalities in intracellular glucose metabolism could be secondary to reduced glucose transport in insulin-sensitive tissues. In recent years, major advances have been made in our understanding of the molecules transporting glucose across the cell membrane in various tissues. At least four members of the glucose transporter gene family have been identified. In skeletal muscle, glucose transport occurs through a facilitated diffusion system that involves two glucose transporter isoforms, the HepG2/rat brain (GLUT-l) and the muscle/ adipose tissue (GLUT-4) glucose transporter (3). Whereas the GLUT-l is widely distributed and is found, e.g. in neural tissue, connective tissue, and blood cells, GLUT-4 is expressed exclusively in insulin-sensitive tissues, especially skeletal muscle, fat, and heart (3).
In muscle of severely insulin-deficient streptozotocin diabetic rats, the rate of glucose transport is reduced, and the GLUT-4 mRNA and protein are both depleted (4, 5). In contrast, the concentration of the GLUT-l protein is normal (4). Insulin treatment normalizes GLUT-4 messenger RNA (mRNA) and protein levels but does not change GLUT-l mRNA or protein (4,5). In patients with noninsulin dependent diabetes mellitus, muscle mRNA and protein levels are normal when measured in the basal state after an overnight fast (6-8). However, because GLUT-4 is only expressed in insulin-sensitive tissues and could be responsible for glucose transport during insulin stimulation, it seems of interest to compare GLUT-4 mRNA and protein levels in the insulin-stimulated state in diabetic and nondiabetic subjects. In the present study we determined whether and how the putative insulin-sensitive glucose transporter (GLUT-4) responds to hyperinsulinemia induced by a 4-h insulin infusion in insulin-resistant type 1 diabetic patients. Three patients were treated with continuous SC insulin infusion, whereas the others used one (n = I), two (n = l), three (n = 3), or four (n = 6) injections of short-or intermediate-acting insulin per day. The nondiabetic subjects were healthy, as judged by history, physical examination, and routine laboratory tests. None of the normal subjects took any medications or had a family history of diabetes. The subjects consumed a weight-maintaining diet containing at least 200 g carbohydrate/day for 3 days before the study, which was performed at the metabolic ward of the Second Department of Medicine of Helsinki University.
After an overnight fast, the rate of whole-body glucose uptake was determined under normoglycemic hyperinsulinemic conditions in both groups, as detailed below. Muscle biopsies for determination of GLUT-4 mRNA and protein concentrations were taken before and at the end of the insulin infusion.
Whole-body glucose uptake measurements 
Glucose and insulin determinations
Plasma glucose was measured with the glucose oxidase method (14) using Beckman Glucose Analyzer II (Beckman Instruments, Fullerton, CA). Blood for measurement of serum free insulin was drawn every 30 min during the insulin infusion. Serum free insulin was measured with RIA using the Phadeseph Insulin RIA kit (Pharmacia, Uppsala, Sweden) (15).
Data analysis
Comparison of measurements before and after the 4-h insulin infusion was done with the paired t test, and correlation analyses with Spearman's rank correlation coefficient (r), using the Statsgraphics statistical package (STSC and Statistical Graphics, Rockville, MD). All data are expressed as mean + SEM.
Results

Glucose uptake in viva
The 4-h insulin infusion increased plasma free-insulin concentrations similarly in the normal subjects (from 29 f 7 to 746 f 29 pmol/L) and in the diabetic patients (from 42 f 7 to 725 f 43 pmol/L). During the insulin infusion, the mean (O-240 min) plasma glucose averaged 5.3 + 0.1 mmol/L in the normal subjects and 5.6 + 0.1 mmol/L in the diabetic patients (NS). The rate of glucose uptake was lower in the diabetic patients (33.4 + 1.7 timol/kg.min) than in the normal subjects (42.3 + 2.2 cLmol/kg.min, P C 0.01).
Expression of GLUT-4 mRNA in skeletal muscle
In the normal subjects, the GLUT-4 mRNA increased during the 4-h period of hyperinsulinemia from 24 f 3 to 36 + 4 pg/pg RNA (P < O.OOl), or when expressed per DNA, from 24 f 5 to 41 If: 5 pg/pg DNA (P < 0.001). No change was observed in the diabetic patients (24 & 2 VS. 26 + 2 pg/ PLg RNA, or 39 + 7 VS. 32 f 3 pg/pg DNA, before VS. after insulin, Fig. 1 ). The absolute (p < 0.01) and percentage (p C 0.02) increments in the GLUT-4 mRNA were significantly higher in the normal subjects than in the diabetic patients. The absolute (r = 0.54, P C 0.01) and percentage (r = 0.55, p < 0.01, Fig. 2 ) change in the GLUT-4 mRNA correlated with whole-body glucose uptake.
Effect of insulin on the GLUT-4 protein in skeletal muscle
The basal GLUT-4 protein concentrations were virtually identical in the type 1 diabetic patients (523 f 59 dpm/lOO pg protein) and the nondiabetic subjects (523 f 56 dpm/lOO pg protein, Fig. 3 ). The muscle GLUT-4 protein concentration decreased by 21 + 7% (P < 0.02) in the nondiabetic subjects.
In the diabetic patients, the GLUT-4 protein remained unchanged (mean decrease 5 + 4%, NS). The percentage change of the GLUT-4 protein correlated inversely with the rate of whole-body glucose uptake (r = -0.44, P < 0.05), and the percentage change of the GLUT-4 mRNA (r = -0.51, P < 0.02, Fig. 4 ).
Discussion
Three new observations were made in the present study. First, in the basal state GLUT-4 mRNA and protein concen-YKI-J;iRVINEN ET AL. JCE & M. 1992 trations were similar in type 1 diabetic patients and normal subjects, as was also recently found in patients with noninsulin dependent diabetes mellitus (6-8). Second, GLUT-4 mRNA and the total protein concentration were shown to respond to insulin in normal human skeletal muscle. Third, these responses were lacking in insulin resistant-type 1 diabetic patients.
There are presently no data available on the time course of insulin-induced changes in GLUT-4 mRNA in normal muscle. In adipose tissue from streptozotocin diabetic rats, insulin treatment restores the GLUT-4 mRNA concentration within 3-6 h but does not change the GLUT-l mRNA (16). In L6 muscle cells (17), cultured human fibroblasts (18), and 3T3-Ll adipocytes (19), a maximal increase of GLUT-l mRNA is observed after 4-6 h of insulin addition. In these cells, insulin does not change the 16) . The reason for the opposite responses of GLUT-4 and GLUT-1 mRNA to insulin in differentiated muscle VS. cultured cells is unknown, but the time within which the glucose transporter mRNA increased in the present study is comparable to that previously observed in cell cultures and rat adipocytes.
Unexpectedly, the 4-h insulin infusion decreased the total muscle GLUT-4 protein content by 21% in the normal subjects. This finding was also recently reported in preliminary studies by Handberg et al. (20) , who observed an 18% decrease in GLUT-4 protein during a 3-h insulin infusion. The decrease in GLUT-4 protein concentration probably indicates a specific decrease of this protein rather than a dilution, because even during combined insulin and amino acid infusions, the calculated leg muscle fractional protein synthetic rate is approximately 0.14%/h (21). Although some proteins may be synthetized rapidly, rates of protein synthesis are usually measured in days rather than hours (22, 23) . Whether the decrease in GLUT-4 represents a transient imbalance between synthesis and degradation of GLUT-4 remains to be established. One interpretation is that the decrease in GLUT-4 protein is a signal that stimulates enhanced gene transcription. The inverse relationship between the decrease in protein and the increase in mRNA (Fig. 4) might amply support such a hypothesis. On the other hand, as long as the effect of insulin on the intracellular location of GLUT-4 protein in muscle remains unclear, the physiological significance of the decrease in GLUT-4 is uncertain.
Regarding the cause(s) of insulin resistance in type 1 diabetic patients, the average diurnal insulin concentration in patients with moderate glycemic control is similar to that in normal subjects (24). Under such circumstances, hyperglycemia results from hepatic overproduction of glucose (25). Complete normalization of glycemic control, e.g. with the artificial pancreas, inhibits hepatic glucose production at the expense of peripheral hyperinsulinemia (26). Thus, peripheral insulin deficiency cannot be the cause of insulin resistance in skeletal muscle in these patients.
We have previously demonstrated that hyperglycemia per se can decrease glucose uptake in type 1 diabetic patients (27), and suggested that chronic hyperglycemia is the major cause of insulin resistance in these patients. In support of this proposal, insulin sensitivity is normal in type 1 diabetic VoliS.No3 patients with excellent glycemic control and during remission (l), and can be ameliorated by improving glycemic control with continuous subcutaneous insulin infusion therapy, even in the face of reduced (25) insulin requirements. We have therefore postulated that insulin resistance develops in peripheral tissues as a consequence of chronic hyperglycemia (27). Normalization of glycemic control could therefore possibly correct the defect in GLUT-4 gene expression characterizing type 1 diabetic patients.
In conclusion, the present data demonstrate that the mRNA for the GLUT-4 glucose transporter increases in response to insulin in human skeletal muscle. The data provide evidence for abnormal insulin regulation of glucose transporter gene expression in insulin resistant type 1 diabetic patients. Because insulin resistance in type 1 diabetic patients is acquired rather than inherited (l), these data imply that secondary metabolic alterations associated with the hyperglycemic state in type 1 diabetes, or chronic hyperglycemia per se, may induce pretranslational defects in insulin-induced glucose transport.
